Cryptococcus neoformans is a human pathogenic fungus which is unusual in two respects: it has a polysaccharide capsule similar to that found in encapsulated bacteria and it can produce melanin. Capsular and melanization phenotypes are associated with virulence. In this study we analyzed the contributions of the capsular polysaccharide, melanization, and antibody binding to the capsule to the cellular charge of C. neoformans. Cell charge was inferred from measurements of zeta potential. The results indicate that (i) C. neoformans cells are significantly more negatively charged than Saccharomyces cerevisiae cells, (ii) the polysaccharide capsule of C. neoformans is responsible for the high negative charge of the cells, (iii) C. neoformans melanin is negatively charged, (iv) melanization in C. neoformans is associated with an increased negative charge per cell, and (v) antibody binding to the capsule of C. neoformans significantly alters the cell charge. These results suggest that alterations in cell charge attributable to polysaccharide capsule formation, melanization, and antibody binding may affect C. neoformans virulence given that macrophage phagocytosis is effected by the zeta potential of microorganisms.
Cryptococcus neoformans is an encapsulated yeast of low virulence for normal hosts which can cause life-threatening infections in immunosuppressed individuals (30) . Cryptococcosis occurs in 6 to 8% of patients with AIDS (6) . Cryptococcal infections in immunosuppressed patients are difficult to treat effectively, because antifungal therapy is often unable to eradicate the infection (47, 60) .
Two phenotypes associated with virulence for C. neoformans are the presence of a polysaccharide capsule and the ability to make black pigments when grown in media with phenolic substrates (25) . The capsule is composed of at least three polysaccharides: glucuronoxylomannan (GXM), galactoxylomannan, and mannoprotein (5) . GXM comprises about 80% of the total polysaccharide and consists of an unbranched mannose backbone with various amounts of glucuronic acid, O-acetyl, and xylose substitution (5) . The polysaccharide capsule is antiphagocytic (22) , and polysaccharide is released into tissue (27) where it has been associated with a variety of deleterious effects including inhibition of leukocyte migration (8, 11) , shedding of L-selectin from neutrophils (9) , antibody unresponsiveness (20, 36) , brain edema (13) , and cytokine dysregulation (28, 51) . The exact mechanism by which capsular polysaccharide inhibits phagocytosis is unknown. Kozel and colleagues have shown that the capsular polysaccharide is negatively charged and that chemical modification to reduce the charge of the polysaccharide resulted in a small decrease in macrophage phagocytosis (21) . Antibodies to the capsular polysaccharide are opsonic (34, 46) , and antibody administration can prolong the survival of lethally infected mice (10, 32, 45) .
C. neoformans produces a black cell-associated pigment when grown in media with phenolic substrates (39) . The black pigment meets electron spin resonance criteria for melanins (54) , and its synthesis is catalyzed by a phenoloxidase (laccase) enzyme (57) . Pigment production has been associated with virulence by classical genetic (41) and gene disruption (44) experiments. Melanin production may contribute to C. neoformans virulence by protecting against oxidants (16, 17, 52, 54) , interfering with protective T-cell responses (14) , reducing susceptibility to antifungal agents (53) , and inhibiting antibodymediated phagocytosis (54) . The mechanism by which melanized cells resist phagocytosis is unknown. Melanin is buried in the cell wall and presumably does not interact with phagocytic cells, but it has been speculated that the effect is mediated by alterations of cell charge (54) . The resistance of C. neoformans melanin to chemical disruption is demonstrated by the observation that treatment of melanized cells with guanidinium isothiocyanate and hydrochloric acid results in hollow melanin spheres which appear to be cell "ghosts" (55) .
Since both the capsular polysaccharide and melanin are complex polymers, we hypothesized that each was an important contributor to the cellular charge of C. neoformans. The relationship between cell charge, virulence, and phagocytosis in microbial pathogens is complex and poorly understood (7, 38) . Prior investigations of these issues in C. neoformans have deduced surface charge based on solvent partition or binding to octyl-Sepharose (21, 23) . To investigate the cellular charge of C. neoformans and the relative contributions of the capsule and melanin to cell charge, we calculated the zeta potentials of encapsulated, nonencapsulated, melanized, and nonmelanized C. neoformans cells. The zeta potential () is the potential gradient that develops across the interface between a boundary liquid in contact with a solid and the mobile diffuse layer in the body of the liquid (42) . It is derived from the following equation: ϭ 4m/D, where D is the dielectric constant of the medium, is the viscosity, and m is the electrophoretic mobility of the particle (42) . The zeta potential is a measurement of cell charge (mV). The results indicate that both the polysaccharide capsule and melanin contribute to the negative GXM, complement, and monoclonal antibodies (MAbs). The major component of C. neoformans polysaccharide is GXM (5). The GXM from strain 24067 (serotype D) was purified with cetyltrimethylammonium bromide. Prior studies have shown that acapsular mutants can bind soluble polysaccharide (24) . Melanized and nonmelanized CAP 67 cells were washed three times in 0.01 M NaCl and then incubated with 1 mg of purified GXM/ml for 2 h at 20ЊC in 0.01 M NaCl. The cells were then washed two times with 0.01 M NaCl to remove unbound polysaccharide.
The effect of complement binding on cell charge was determined by incubating strain 24067 with either fresh or heat-inactivated BALB/c mouse serum. Heat inactivation was done by heating the serum at 56ЊC for 30 min.
The contribution of capsular antibody binding to cellular charge was studied by using MAb 2H1. 2H1 is a murine immunoglobulin G1 (IgG1) MAb which binds to the GXM component of the cryptococcal capsule and can mediate protection in murine experimental infection (32, 33) . MAb 36-65 is a murine IgG1 to phenylarsonate hapten which does not bind to GXM and was used as an irrelevant isotype-matched control (34) . MAbs 2H1 and 36-65 were purified from ascites by protein G affinity chromatography (Pierce, Rockford, Ill.) prior to use. C. neoformans 24067 cells were collected and washed three times in 0.01 M NaCl and incubated with either MAb 2H1 or 36-65, and the zeta potentials were determined as described above.
Statistics. Data were analyzed by using independent Student's t test and linear regression analysis with Primer of Statistics version 3.0 (McGraw-Hill Inc., New York, N.Y.). All data are expressed as averages Ϯ standard deviations.
RESULTS
The cellular charge of melanized and nonmelanized C. neoformans cells. Ten C. neoformans strains, including the hypomelanotic mutant strain 24067 melϪ, were grown for 12 days with or without L-dopa, and their zeta potentials were measured ( Table 1 ). The cells of all strains were negatively charged, with an average zeta potential for the nine encapsulated strains of Ϫ24.42 Ϯ 2.6 mV compared to the acapsular mutant CAP 67's charge of Ϫ3.08 Ϯ 0.9 mV. The cell charge of a strain of the acapsular yeast S. cerevisiae was Ϫ8.37 Ϯ 2.91 mV, a value also significantly lower than that measured for encapsulated cryptococci. Prior studies have not shown substantial variations in cell charge between different species of Saccharomyces (31) .
The capsule size and cell diameter of the cells in each sample were measured in India ink preparations. Capsule size for nonmelanized C. neoformans ranged from 0.97 m (J22A) to 3.3 m (NIH 371) ( Table 1 ). The lower zeta potentials of CAP 67 and S. cerevisiae cells suggested that most of the C. neoformans cell charge originated in the polysaccharide capsule. A plot of zeta potential versus the ratio of capsule volume to organism volume for the nine encapsulated strains revealed a strong correlation, with r ϭ Ϫ0.91; P Ͻ 0.001 ( Fig. 1 ). Linear regression analysis using surface area instead of volume also yielded a strong correlation (r ϭ 0.90; P Ͻ 0.001 [plot not shown]).
Since soluble capsular polysaccharide has been shown to bind to acapsular mutants (24), we investigated whether this phenomenon altered the charge of CAP 67. Incubation of nonmelanized CAP 67 with GXM followed by washing increased the zeta potential from Ϫ3.08 Ϯ 0.9 to Ϫ26.6 Ϯ 0.92 mV. Similar results were obtained with melanized cells. Incubation of melanized CAP 67 with GXM increased the zeta potential from Ϫ5.73 Ϯ 0.71 to Ϫ27.1 Ϯ 0.62 mV. The cell charge achieved by the addition of GXM to nonmelanized CAP 67 is comparable to that of the parent strain 3501 (Table  1) .
Melanization and cellular charge. For seven of the strains, cells grown with L-dopa (melanized) were significantly (P Ͻ 0.05) more negatively charged than cells grown without L-dopa (nonmelanized) ( Table 1) . When grown with L-dopa, the hypomelanotic 24067 melϪ mutant was significantly less negatively charged than the melanized parent strain (P ϭ 0.018). There was no difference in capsule size or cell diameter for cells of the same strain grown with or without L-dopa (Table 1 ). The percent difference in zeta potential between melanized and nonmelanized strains ranged from 3% (NIH 371) to 86% (CAP67).
Strain 24067 was selected for time course analysis of the relationship between melanization and cellular charge because this strain has been shown to undergo progressive melanization during the initial 14 days of growth in minimal medium with L-dopa (55) . We measured the zeta potentials of cells grown with and without L-dopa for various periods of time (Fig. 2) . Cells grown in melanizing conditions demonstrated an increase in zeta potential magnitude in late stationary phase which paralleled melanization. By day 12, such cells were 8% more negatively charged than nonmelanized cells. In contrast, the cellular charge of C. neoformans grown in the absence of Ldopa was roughly constant over the 15-day observation period.
The charge of melanin. The zeta potentials of melanin ghosts made from melanized strain 24067 cells grown in minimal medium with either L-dopa, 4-hydroxyindole, 3-hydroxytyramine, or (Ϫ) epinephrine were determined ( Table 2 ). All melanins were negatively charged. The zeta potentials of cells grown with 4-hydroxyindole and 3-hydroxytyramine were sig-FIG. 1. Linear regression analysis and correlation of the ratio of capsule volume to organism volume (times 100) versus zeta potential for nonmelanized encapsulated C. neoformans. n is the number of strains, r is the regression coefficient, and the P value denotes statistical significance. Analysis using the ratio of the surface area of the cell wall to that of the capsule (instead of the volume ratio) also yields a strong correlation, with r ϭ 0.90 and P Ͻ 0.001 (plot not shown). nificantly less negative than that of cells grown with L-dopa ( Table 2) . Elemental carbon and nitrogen ratios for the cells grown with L-dopa, 4-hydroxyindole, 3-hydroxytyramine, or (Ϫ) epinephrine melanins were also determined ( Table 2) . Effects of antibody and complement on cell charge. The effect of specific antibody binding on cell charge was studied by incubating strain 24067 cells at day 12 of growth in equal concentrations of either the GXM-binding MAb 2H1 or the isotype-matched IgG1 control MAb 36-65 (Fig. 3) . Addition of the isotype control MAb 36-65 had no effect on cell charge, although addition of MAb 2H1 imparted an increased negative charge at concentrations greater than 1 g/ml (Fig. 3 ). In contrast, incubation in fresh serum had no effect on cell charge. The zeta potential of cells incubated with fresh serum was Ϫ25.7 Ϯ 0.62 mV compared to Ϫ25.6 Ϯ 0.35 mV for cells incubated in heat-inactivated serum.
C. neoformans cell charge depends on growth conditions. To investigate whether C. neoformans cell charge was affected by growth conditions, we measured the zeta potential of strain 24067 cells grown in either RPMI 1640, 10% fetal calf serum, minimal medium, or Sabouraud dextrose broth. Cells grown in RPMI 1640 were significantly more negatively charged than those grown in the other media (Table 3) . Interestingly, there were no major variances in capsule size for the strains grown in the various conditions, but the cell diameters differed such that the capsule made a significantly greater contribution to the diameter of cells grown in RPMI 1640 (Table 3) .
Reproducibility and consistency of measurements. Nonmelanized 24067 cells were grown and measured on four separate occasions. The mean value of the zeta potential of the cells at day 12 of growth was Ϫ25.13 Ϯ 0.45 mV, with a range of Ϫ24.47 to Ϫ25.4 mV. To determine the reproducibility of the method of generating melanin and measuring charge, the zeta potential was measured for three preparations of L-dopa melanin made on different days. For the three preparations the results were highly consistent, with the zeta potential ranging from Ϫ29.8 to Ϫ30.23 mV (mean Ϯ standard deviation was Ϫ30.0 Ϯ 0.22 mV). Hence, the measurements of zeta potential were highly reproducible.
DISCUSSION
We have studied the relationship between cell charge and the polysaccharide capsule, melanization, and antibody binding in C. neoformans by measuring the zeta potentials of cells from 10 strains grown with and without L-dopa. Encapsulated C. neoformans cells were significantly more negatively charged than either the nonencapsulated mutant CAP67 (Table 1) or the unrelated acapsular yeast S. cerevisiae. A strong correlation was observed between the ratio of capsule/organism volume and the zeta potential (Fig. 1) . A similar correlation was observed if zeta potential was plotted versus surface area. CAP 67 cells became significantly more negatively charged when incubated with GXM capsular polysaccharide. These observations together with previous findings that capsular polysaccharides are negatively charged (21, 23, 37) indicate that the capsule is primarily responsible for the high negative zeta potential of C. neoformans cells.
Melanization was generally accompanied by modest increases in the magnitude of the zeta potential (Table 1) . Isolated melanin ghosts were negatively charged (Table 2) , and their zeta potentials were significantly more negative than those of most melanized strains. This suggests charge neutralization for melanin molecules in melanized cells, resulting in a lower increase in zeta potential than would be expected by the addition of melanin alone. Alternatively, melanin in the cell wall may contribute less to the zeta potential of the cell than that in isolated melanin particles because of its distance from the cell surface. To our knowledge, this is the first report of the charge of melanin. Variations were observed in the charge and a P value calculated by t test relative to the charge of cells grown in minimal medium (n ϭ 3 for each group).
b Capsule size was defined as distance in micrometers from the cell wall to outer capsular border.
c Total organism size was defined as the measurement of the total diameter inclusive of the polysaccharide capsule.
C/N ratios of melanins synthesized by growing C. neoformans in phenoloxidase substrates, suggesting differences in melanin structure depending on the precursor substrate (4, 55) .
The 10 strains of C. neoformans examined varied in their zeta potentials, with more dramatic variability occurring among melanized cells. This may correspond to the relative ability of individual strains to produce melanin. For example, melanized J9 cells had the highest zeta potential, and the J9 strain produces approximately three times more melanin than strain 24067 (55) . In contrast, melanized NIH 371 cells showed the smallest variation in zeta potential relative to the nonmelanized cells, and this strain makes only about 60% of the melanin formed by strain 24067 (55) . For strain 24067, growth in L-dopa results in progressive melanization (55) , and this was reflected by increasing zeta potentials in late stationary phase (Fig. 2) . There was an 86% difference in zeta potential between nonmelanized and melanized CAP 67 (Table 1 ). In the absence of a polysaccharide capsule, melanin appears to make a greater contribution to cell charge.
There were significant differences in nonmelanized strain 24067 zeta potentials when cells were grown in different media, which may be due to variation in the capsule size to cell diameter ratio. Although it is clear from the CAP67 and GXM experiment that the polysaccharide capsule contributes the majority of the cell's negative charge, variations in the size of the capsule compared to overall organism size do not fully explain variations in zeta potentials. For example, nonmelanized strain NIH 371 has a larger ratio of capsule volume to organism volume than nonmelanized 24067, but both strains have similar zeta potentials (Table 1 ). This suggests possible strain differences in the structure of the capsule or other cellwall-related carbohydrates or proteins, which could contribute to cell charge.
The relationship between cell charge, virulence, and resistance to phagocytosis is incompletely understood (7, 38) . Studies with nonbiologic polymer microspheres (polystyrene and polyacrolein) have demonstrated the dependence of macrophage phagocytosis on the zeta potential, size, and hydrophobicity of the microspheres (15, 18, 49) . At high magnitudes of zeta potential there is a dramatic increase in sphere phagocytosis by macrophages. However, studies of surface charge effects on bacterial phagocytosis have produced mixed results. Certain strains of Salmonella typhimurium (29, 59) , Escherichia coli (48) , and Yersinia enterocolitica (26) demonstrate differences in cell charge which are associated with differences in phagocytic uptake by host effector cells. Additionally, antibiotic administration can significantly alter surface charge and enhance bacterial uptake (35, 40) . In contrast, studies of surface charge and phagocytosis of group B streptococci (50, 56) , Edwardsiella spp. (58) , and mycobacteria (43) have not shown a consistent correlation of cell charge with phagocytosis.
Similar to the situation with bacteria, the role of cell charge in C. neoformans virulence is not well understood. As with other microorganisms and mammalian cells, yeast cells are known to be negatively charged (1) . Electrostatic repulsion is essential in yeast flocculation (19) and probably influences the interaction with macrophages. The self-aggregation which is associated with some acapsular C. neoformans strains may reflect enhanced cell-to-cell interactions in the setting of reduced surface charge. For C. neoformans, both encapsulation and melanization have been associated with reduced yeast cell phagocytosis by macrophages. Our measurements support Kozel et al.'s findings regarding the negative charge of the polysaccharide capsule (21) and show that both the capsule and melanin contribute to the magnitude of the zeta potential. The high negative charge per cell may add to the antiphagocytic effect by fostering cell-to-cell repulsion with host phagocytic cells.
Macrophage phagocytosis of C. neoformans is significantly enhanced by antibody binding (46) . Our experiments with MAb 2H1 illustrate the complexity of the relationship among cell charge, opsonization, and phagocytosis. MAb 2H1 is a potent opsonin and agglutinin, yet binding to C. neoformans produced a large increase in negative potential. The mechanism by which MAb 2H1 alters the charge of C. neoformans is unknown. MAb binding causes a quellung effect; changes in the structure of the capsule upon MAb binding may thus affect cell charge as a result of protein binding and/or polysaccharide structure changes. MAb 2H1-mediated agglutination and opsonization phenomena can be explained without invoking changes in capsule charge. Agglutination of cryptococcal cells is probably the result of MAb 2H1 bridging fungal cells through bidentate Fab binding. MAb 2H1-mediated phagocytosis is a result of binding to and cross-linking Fc receptors leading to internalization. The physiological importance, if any, of cell charge alterations resulting from antibody binding are not understood.
In summary, we have established that C. neoformans cells are highly negatively charged due to their polysaccharide capsule. C. neoformans melanin is also negatively charged and melanization increases cell negative charges, but the effect is small relative to the contribution of capsular polysaccharide. Strain variation in cell charge may reflect qualitative or quantitative differences in capsular polysaccharide and/or melanin content. It is important to note that cell charge may be considerably greater for C. neoformans cells found in tissue where large capsules can lead to cell diameters of 50 to 100 m. Although the relationship between virulence and cell charge is likely to be complex for C. neoformans, this fungus may provide an ideal system to study the problem. The availability of strains with well-characterized polysaccharide structures and antibodies to the capsule and the potential of yeast genetic techniques should allow productive future studies of this important cell parameter.
